Study Objectives: Sleep restriction can result in a range of neurophysiological consequences in the brain including some brain stem nuclei. This study aimed to evaluate the effects of chronic sleep restriction (CSR) on quantitative aspects of brain stem respiratory centers using stereological methods. Methods: Male rats were randomly assigned into experimental group (CSR through a modified multiple platform apparatus), corresponding apparatus-control group (grid-floor control) and cage controls. In the grid-floor control group, animals were placed on wire-mesh grids positioned upon CSR apparatus and were then allowed to retain the opportunity to sleep. On day 21, all rats were euthanized with their brains removed for stereological assessments. The nuclei which are known to be involved in respiration rhythm including nucleus tractus solitarius (NTS), parabrachial nuclei (PB), and Kölliker-Fuse nucleus (KF) were evaluated. Results: Compared to the control groups, stereological findings in CSR rats revealed a decrease by 5.2 ± 0.01%, 7.1 ± 0.007%, 3.9 ± 0.004%, and 6.3 ± 0.002% (mean ± standard error of the mean [SEM], p < .01 for all) in the volume of NTS, medial PB, lateral PB, and KF nuclei, respectively. Also, the total neuronal number of NTS, medial PB, lateral PB, and KF showed a significant decrease by 10.2 ± 21.4%, 6.3 ± 5.2%, 11.8 ± 8.6%, and 9.3 ± 2.5% (mean ± SEM, p < .05 for all), respectively. Conclusions: CSR may potentially induce neuronal loss and structural changes in the dorsal respiratory nuclei.
INTRODUCTION
The brainstem respiratory centers (RCs) generate and control the respiratory motor movements during normal breathing. Such nuclei are distributed bilaterally in the brain stem, 1 and central sleep apneas occur when they fail to regulate the breathing rhythm, leading to the loss of ventilatory effort. 2 The RCs receive neural, biochemical, and hormonal inputs to regulate the rate and depth of respiratory movements. 3 Such centers comprise four main groups of which two of the dorsal and ventral groups are in the medulla and the remaining two are in the pons functioning as pneumotaxic and apneustic centers, respectively. 3 In the dorsomedial medulla, the nucleus tractus solitarius (NTS) is the gateway of peripheral chemoreceptor and pulmonary mechanoreceptor inputs. NTS and other associated dorsal respiratory group nuclei are known to regulate the afferent control of breathing through projections to ventral and pontine RCs. 4 The pontine RCs consist of parabrachial (PB) nuclei which control the expiratory-inspiratory phase transition. 5 The PB complex is also recognized as the pneumotaxic center comprising three main subdivisions, that is, the medial parabrachial (MPB), lateral parabrachial (LPB), and the Kölliker-Fuse (KF) nuclei. On the other hand, the NTS is functionally linked with the KF, MPB, and LPB subnuclei. 6 Experimental evidence has documented that stimulation of KF and the LPB nuclei increases the rate of respiration. 7 The NTS-PB projections contain neuropeptides such as galanin, cholecystokinin and corticotropin-releasing factor. 8 From the physiological perspective, impaired sleep efficiency, sleep fragmentation, or chronic sleep restriction (CSR) may potentially result in declined cognitive performance such as memory impairments. 9 Despite some earlier evidence for potential structural changes in the brain regions following sleep restriction in animal models, [10] [11] [12] whether and to what extent such an insult contributes to similar changes in the cortical and subcortical brain regions in human are yet to be further examined. In a few neuroimaging and voxel-based morphometric studies on human subjects with sleep insufficiencies including sleep-disordered breathing, some cortical and subcortical brain regions were found to be structurally influenced. 13, 14 Conversely, because of the disparity of results in other investigations, exploring brain alteration following obstructive sleep apnea is still considered as an open field. 15 Findings support the view that degenerative changes in respiratory brain stem nuclei result in breathing pauses generally referred to as apneas. 16 However, the question of whether CSR gives rise to brainstem nuclei changes remains elusive. This has prompted us to examine the effect of CSR on the volume and neuronal number of the key respiratory nuclei in the brain stem namely PB complex, NTS, and KF.
Although the dynamics and alterations in the brain activity following CSR have been investigated in several studies, [17] [18] [19] [20] to
Statement of Significance
Sleep insufficiencies have turned into a key challenge in today's competitive life. An emerging body of preclinical evidence has proposed that neuroinflammatory processes and the resultant apoptotic cell loss tend to occur in areas of the brain such as the hippocampus following chronic sleep restriction (CSR). It is however less clear whether and to what extent CSR potentially causes anatomical or functional changes in the brain stem respiratory nuclei. Despite the significance of sleep-disordered breathing and the central role of brain stem respiratory centers, experimental data on the above question are scarce even in animal models. The present investigation studied the effects of CSR on neuronal number and volumetric correlates of the dorsal respiratory nuclei in a rat model.
date, there were no efforts to investigate the quantitative anatomical features (including the neuronal number and volume) of the respiratory nuclei in response to impaired sleep. This could be considered as the novelty of the present hypothesis. Given the above, we hypothesized that CSR in a rat model may result in structural changes at neuronal number and volumetric correlates in the respiratory brain stem nuclei. To test this hypothesis, the present study was designed to address whether and to what extent: (1) the volumes of NTS, MPB, LPB, and KF nuclei are affected following CSR in rats and (2) the neuronal numbers of NTS, MPB, LPB, and KF nuclei are affected in the same setting. For this goal, stereological methods were applied aiming to provide the above quantitative insights.
MATERIALS AND METHODS

Animals
Male Sprague-Dawley (250-300 g) rats were obtained from the central animal laboratory of Shiraz University of Medical Sciences. Having adhered to the guidelines on the standard animal care laid down by the local ethical committee, the review board of the university approved the animal experiment (approval number 94-7624). Animals were then randomly assigned into three groups including cage control, grid-floor control, and CSR. The cage-control rats were placed in the cages with solid floor and saw-dust bedding. The grid-floor control animals were kept in water tank with stainless steel grid floor. CSR rats were placed in water tank with multiple platforms to induce CSR. Each group contained six rats which were kept under standard conditions, room temperature (22°C-24°C), and a 12:12 hour light-dark cycles, with free access to food and water for 21 days.
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Experimental Procedures of CSR Based on our previously reported methodology to induce CSR, 22 rats were sleep restricted using the modified multiple platform (mMP) technique for 21 days. CSR was induced by placing six rats in a Plexiglas water tank (125 × 45 × 45 cm) containing 14 small platforms (6.5 cm in diameter). The water level was set at 1 cm below top of the platforms. 22 Previous research showed that the mMP method not only deprives the animals from rapid eye movement (REM) sleep but also diminishes non-REM sleep by 35%-40%. 23 Contrary to other investigations which employed MP method to deprive the rats of sleep continuously for days, [24] [25] [26] the mMP which we used was designed to reduce stress and included a recovery time window. The platforms were designed to provide social communication among animals without hindering free movement. 24 Rats in the control group were kept in their home cages in the same room where the CSR was imposed for 21 days through which animals were placed daily in the tank for 18 hours, from 06:00 pm to 12:00 pm the next day followed by a 6-hour window during which they were allowed to sleep (12:00 pm to 06:00 pm). Lights were on from 06.00 am till 06.00 pm. The lights-on plan for the CSR boxes was in line with the light/dark cycle, similar to the control and grid-floor control animals. The water in the CSR tank was replaced every day. The grid-floor control group was the corresponding control for CSR, and the animals in the grid-floor control group were placed on the tank. The grid mesh was made of stainless steel with the wires set 2.3 cm apart from each other. 22, 27 For habituation, each animal was placed in the apparatus and subjected to sleep restriction protocol for a period of 30 minutes daily for 5 days, prior to the CSR experiment.
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The Stereological and Histomorphological Methods
Estimation of the Volume
After the brains were fixed by cardiac perfusion using the 4% paraformaldehyde solution, the brain stem was removed for histological processing. The brain stem was serially sectioned into 25-µm thick coronal sections which were stained with the modified Giemsa method. 29 The nuclei were then identified according to the sixth edition of the Paxinos Atlas. 30 The volume of the left dorsal respiratory nuclei, V nucleus ( ), was estimated using the Cavalieri method. 31 A systematic random approach was applied to sample 10-12 sections in each rat with an interval defined in previous comprehensive reports using the stereological method. 30, 31 Using a microscope linked to a camera, the image of each section was assessed at final magnification of 20× using the stereological software. Each slide was labeled with a specific code, and the analysis process was ensured to be blinded. The sum of the area of the sections (∑A) of the nuclei was estimated through the software designed at Shiraz University of Medical Sciences. The interval between the sampled sections was measured as "d". Finally, the volume of each nucleus was estimated by the following formula:
Estimation of the Neuronal Number
A computer linked to a light microscope (Nikon E200, Nikon, Japan) with an oil immersion lens (40×, numerical aperture: 1.4) was employed to estimate the total number of the neurons associated with the dorsal respiratory nuclei. According to the "optical disector" technique, the microscopic fields were scanned and sampled by moving the microscope stage with equal distance in X and Y directions to ensure systematic uniform random sampling. 31 The Z-axis motion of the microscope stage had been measured using a microcator (MT12, Heidenhain, Traunreut, Germany) installed on the stage. 31 The unbiased counting frames with the area "a/f" of 2600 µm 2 has been used for the neurons of the dorsal respiratory nuclei. To analyze the appropriate guard area and the height of the disector (h), Z-axis distribution from the nuclei was plotted. Briefly, the counted neurons were grouped in 10 bins from the percentiles 0-100 through the histological tissue height from the upper (0%) toward the lower surface (100%). The Z-axis dispersion of the neuronal nuclei is presented in Figure 1 . The upper 10% and lower 30% of the sections were ignored based on the histogram and were regarded as the guard zones. Therefore, cell counting (excluding the glial cells which are morphologically different from neuronal cells, characterized by smaller nuclei) was carried out at the remaining 60% (h) 32 and corrected for overestimation. Any neuronal nucleoli entering the focus within the sampling box (h multiplied by a/f) was selected if it has been located totally or even partly inside the counting frame and also did not touch the unacceptable lines (left and bottom borders of the frame) (Figure 1) . The total number of the neurons was estimated by means of multiplying the numerical density (Nv) and V nucleus ( ) :
Where "ΣQ − " was the total number of the nucleoli coming into focus throughout scanning the height of the disector ( Figure 1) ; "ΣP", the total number of counting frames in most fields; "h", the elevation of the disector; "a/f", the frame area; "t", the mean section thickness calculated in every sampled field using the microcator (20 µm within the average); and "BA", the block advance of the microtome set at 25 µm.
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Estimation of the Coefficient of Error
The coefficient of error (CE) for the estimated volume "CE(V)" is the function of the noise effect and systematic random sampling variance for the sum of areas. The cross-sectional areas "ΣA" were estimated by the software and CE(V) was calculated through the following:
The CE for the estimated total neuron number, CE (N), was derived from CE(V) and CE(Nv) using the following formula 33 :
Statistical Analysis
For the data that met the criteria of normality of distribution and homogeneity of variance, results were statistically evaluated using one-way analysis of variance (ANOVA) in which mean ± SEM (standard error of mean) represents possible difference outcome between the CSR and the corresponding control groups. Tukey's test was employed as the post hoc ANOVA measure. All p values < .05 were considered as statistically significant. Kruskal-Wallis test was used to analyze data lacking normal distribution. The cutoff p value for significance using this test was similarly set at .05. The statistical analyses were done using the SPSS statistical package (Version 22, Release 22.0.0, Copyright© IBM, 2015).
RESULTS
Volume of the Nuclei
The volume data are summarized in Figure 2 . The mean ± SEM volume of the NTS was reduced by 5.2 ± 0.01% in the CSR group as compared to the grid-floor group (p < .01) (Figure 2) . The same index in the MPB decreased by 7.1 ± 0.007% in the CSR as compared to the grid-floor group (p < .01). Furthermore, the mean ± SEM volume of LPB (p < .01) and KF (p < .01) decreased by 3.9 ± 0.004% and 6.3 ± 0.002% in the CSR as compared to the grid-floor group, respectively. The range of CE of the estimated volume using Cavalieri method was 0.02-0.03 for the three groups. Calculation of the CE for each group and the estimated volume of each nuclei (NTS, MPB, LPB, and KF) resulted in the following values: (1) The volume did not show significant differences between the grid-floor and cage-control groups.
Number of the Neurons
The neuronal number data are presented in Figure 3 . The mean ± SEM number of neurons in the NTS decreased by 10.2 ± 21.4% in the CSR as compared to the grid-floor control group (p < .05). The mean ± SEM number of neurons in the MPB and LPB reduced by 6.3 ± 5.2% and 11.8 ± 8.6% in the CSR as compared with the grid-floor control group, respectively (p < .05). Similarly, the mean ± SEM number of neurons in KF decreased by 9.3 ± 2.5% in the CSR as compared with the grid-floor control group (p < .05). Moreover, a similar (2) grid-floor control (0.04, 0.04, 0.05, 0.04), and (3) CSR group (0.04, 0.04, 0.04, 0.04), respectively. The total neuronal number did not show significant differences between grid-floor and cage-control groups.
DISCUSSION
The present research investigated the effect of CSR on quantitative anatomical measures in the dorsal respiratory nuclei in a rat model. Evidence has suggested that sleep inefficiencies and circadian rhythm disorders are frequently seen in patients with neurodegenerative diseases. 34 CSR is shown to play a role in several neuropsychological conditions such as depression, memory dysfunctions, and psychotic disorders. 35 Moreover, the sleep deprivation associated with disease-related sleep fragmentation (ie, sleep apnea and restless legs syndrome) may likewise result in a deteriorated neurocognitive performance. 9 Some recent studies have shown that in patients with central respiratory deficits, the volume of some brainstem nuclei such as pre-Botzinger complex are diminished. 36 It is hypothesized that the sleep-disordered breathing and neurodegeneration of the respiratory nuclei with its resultant hypoxia can lead to impairments in some key physiological functions in the brain. 37 The present study reported a reduction in neuronal number and volume of the dorsal respiratory nuclei following CSR. Earlier investigations used mMP method to induce sleep restriction in rats either continuously for 4 days 24, 26 or 18 hours out of 24-hour sleep restriction for 21 days. 25 We followed the latter (ie, long-term intermittent sleep restriction) protocol by submitting the animals to mMP for 18 hours (starting at 06:00 pm) for 21 consecutive days. Following each 18 hours of sleep restriction, rats were allowed for recovery sleep for 6 hours in their home cages (recovery sleep window starting at 12:00 pm). This time interval (06:00 pm to 12:00 pm the next day) was selected because, in this period, rats are known to attain the highest paradoxical (REM) sleep whereas the homeostatic pressure of non-REM sleep is already yielded. 38 Although we applied CSR (21 days) rather than total sleep deprivation (TSD), our findings turned to be consistent with a previous report using TSD for 48 hours 39 in terms of the deleterious effects of sleep restriction on the nervous system. It should however be noted that the region of interest in this study was different to ours as Tung et al. 39 examined the effects of sleep restriction on cell proliferation in adult rat dentate gyrus in the hippocampus whereas our focus was the respiratory nuclei in the brain stem. Based on our study, the anatomical changes in the examined respiratory nuclei suggested that CSR in rats may result in diminished neuronal number and volume of the dorsal respiratory brain stem nuclei. Meanwhile, the fact that we restricted the animals' sleep (CSR) for 18 hours rather than totally depriving them from sleep for days should be taken into account. By this, animals could also possibly get some rebound sleep after they were taken out from the apparatus. This could have resulted in a partial impact, and whether a total, longer, and more intense sleep loss may leave the animals' brain with even worse changes should be studied in the future. The possibility of whether the negative impact of CSR on these anatomical measures relates to oxidative damage, 40 neuroinflammation, 41, 42 and apoptotic cell loss 41 (similar to what is observed in neurodegenerative processes in the brain) remains to be further tested in future studies. Despite the solid findings in the present research, it is still unclear whether such ill effects of CSR on the volume and neuron counts of brainstem respiratory nuclei are permanent. To address this question, future studies would benefit from including an additional group of animals to allow for a period of recovery after sleep restriction to determine whether the volume and neuronal count changes will persist.
One limitation for the present study was that no other brain areas except NTS, LPB, MPB, and KF were investigated. Therefore, it is unclear whether the volume and neuronal count changes are selective to the nuclei examined or they may occur more generally across different brain regions. For instance, some recent studies on mice have demonstrated loss of locus coeruleus neurons and hypothalamic orexin neurons after CSR. 43, 44 Another untraveled road here is examining the neurotransmitter or peptide phenotype of the surviving neurons. Addressing this in forthcoming research would provide more insights into the nature of physiological consequences of the observed histological damage.
Other than the above, a potential future direction for this line of research may include assessment of the airflow and respiratory efforts in animals which have already been submitted to the CSR protocol. In parallel, exploring the correlation between the volume and neuron count in the RCs with the number of apneas would provide additional insights into the hypothesis whether there are respiratory consequences of the observe damages.
Exploring a possible link and the underpinning mechanisms may provide insights into what extent and through which mechanistic pathways CSR may result in anatomical changes and neuronal cell loss in the brainstem respiratory nuclei.
CONCLUSION
The current study indicated that CSR induced by the mMP approach for 18 hours/day over 21 days, results in volume reduction and neuronal loss in the dorsal brain stem respiratory nuclei including NTS, PB, and KF nucleus in a rat model.
